The modified anomalous diffraction approximation (MADA) is used to predict absorption and extinction in water and ice clouds, but it does not predict the scattering phase function or asymmetry parameter g. In conjunction with g parameterizations, it has been used in satellite remote sensing and to treat the radiative properties of ice clouds in global climate models. However, it has undergone only limited testing. This study 1) compares extinction efficiencies (Q ext ) predicted by MADA for a laboratory grown ice cloud against corresponding Q ext measurements over the wavelength range 2-14 m; 2) tests absorption efficiencies (Q abs ) and Q ext predicted by MADA against those predicted by T-matrix theory and the finite difference time domain (FDTD) method; and 3) compares MADA with three popular schemes used for predicting the radiative properties of cirrus clouds. In addition, the photon tunneling process may contribute up to 45% of the absorption in water clouds at some terrestrial wavelengths, but its role in ice clouds is uncertain since it depends on particle shape. For the first time, the efficiency of photon tunneling was parameterized in terms of ice particle shape. Finally, an alternate formulation of MADA that offers some physical insights is presented.
Introduction
It is well known that cirrus clouds play a critical role in the radiation balance of the earth, and thus an accurate treatment of their radiative properties is needed. The modified anomalous diffraction approximation (MADA) has been used to treat ice cloud radiative properties in global climate models (e.g., Kristjánsson et al. 1999 Kristjánsson et al. , 2000 and in satellite remote sensing (e.g., Stubenrauch et al. 1999; Rädel et al. 2003) , but has thus far undergone only limited testing. The MADA does not predict the scattering phase function of an ice particle and thus cannot calculate the asymmetry parameter, g. Rather, parameterizations of g are often combined with MADA to produce a comprehensive treatment of optical properties, such as the scheme described in Mitchell et al. (1996) . This study was con-ducted to provide more extensive testing of MADA and also to compare MADA with other cirrus cloud radiation schemes.
In the treatment of ice cloud radiative properties, two approaches have been taken: 1) parameterization of exact results from electrodynamic scattering theory in terms of bulk microphysical properties [e.g., ice water content (IWC) and effective size] and 2) parameterization of electrodynamic scattering theory itself in terms of explicit microphysical properties (e.g., size distribution parameters, ice crystal mass and area relationships). The strength of the first approach lies in the single particle calculations, while the strength of the second approach lies in the explicit coupling of microphysical and radiative properties. This study tests the second approach regarding the accuracy of ice crystal single scattering properties.
The MADA is described in Mitchell ( , 2002 . This approach uses a specific form of the anomalous diffraction approximation (ADA) first proposed by Bryant and Latimer (1969) , and later developed in Mitchell and Arnott (1994) and in Mitchell et al. (1996) . As pointed out by Sun and Fu (2001) , this form differs from the ADA developed by van de Hulst (1981) in that instead of performing an integration of ray paths through the particle, a single ray path is used and is defined as the particle volume V corresponding to the bulk density of ice (0.92 g cm Ϫ3 ) or water divided by the particle's projected area P (assuming either random or some preferred orientation). This quantity V/P is referred to as the effective photon path, and results in a much simpler form of ADA, amenable to analytical solutions for the size distribution absorption and extinction coefficients, ␤ abs and ␤ ext , for any particle shape. It is argued here that this simplification not only has computational advantages, but by embracing the V/P concept, the formulation is more accurate than the original ADA, as discussed below.
The scattering/absorption processes of internal reflection and refraction, and photon tunneling, are neglected in the ADA, but have recently been parameterized into the simplified ADA for both spherical , and nonspherical (Mitchell 2002) cloud particles. Photon tunneling accounts for radiation beyond the physical cross section of a particle that is either absorbed or scattered outside the forward diffraction peak. This new analytical form of ADA will henceforth be referred to as modified ADA or MADA, and was found to yield agreement with Mie theory for water and ice spheres within 10%. Sun and Fu (2001) have shown that the V/P ADA may differ from the original ADA by up to 100% for extinction efficiencies (Q ext ) using spheres, cylinders and hexagonal columns. If these differences represent errors in V/P ADA, these large errors would be evident in Q ext predicted by MADA, which is based on V/P ADA. But as seen in Fig. 8 of , the MADA Q ext for single spheres exhibits little error (Ͻ10%) relative to Mie theory, even when absorption is low. This low error cannot be explained by the modifications made (e.g., the tunneling process), which can account for no more than a 15% difference between V/P ADA and MADA in Fig. 8 of . In addition, the phase of the extinction interference pattern predicted by Lorenz-Mie theory is captured by the V/P ADA (Figs. 2 and 8 of Mitchell 2000), but not by the original ADA (Sun and Fu 2001) . Thus it appears that V/P ADA is more accurate than the original ADA.
Moreover, it was demonstrated in Mitchell (2002) that the reason that the effective diameter D e is successful when used in Mie theory in accurately producing the size distribution (SD) ␤ abs for water clouds is because D e is essentially the V/P for an SD. That is, the physical basis behind D e is that the absorption properties of a monomodal SD can be accurately described by the V/P of the entire SD, where effective diameter D e is defined as
where WC ϭ liquid or ice water content (e.g., g m
Ϫ3
), ϭ bulk density for water or ice (e.g., g cm Ϫ3 ), and P t ϭ SD projected area (e.g., cm 2 m
). The second term in (1) is V/P for the SD, while the prefactor 3/2 is due to the fact that for a sphere, V/P ϭ 2/3 D where D is diameter (e.g., V ϭ D 3 /6, P ϭ D 2 /4). Since D e refers to the diameter of a sphere, the prefactor is needed. The accuracy of D e when used in Mie theory to describe ␤ abs lends strong support to the idea that the effective photon path (V/P) is the appropriate distance for describing the radiative properties of both individual particles and size distributions. [However, the utility of D e is impaired when SDs become bimodal, as found in ice clouds, making it necessary to deal with the actual SD as described in Mitchell (2002) .] For this reason, and because of the large differences between V/P ADA and the original ADA, it is argued that the V/P version of ADA provides for greater accuracy than the original ADA.
Section 2 of this paper explains why the process of external reflection was not included in the MADA. Various attributes of MADA are mentioned in section 3. In section 4, MADA is tested against measurements of the extinction efficiency from a laboratory-grown ice cloud, as well as absorption efficiencies for the same cloud determined from T-matrix theory. In section 5, MADA is compared against two popular schemes for treating the radiative properties of cirrus clouds at terrestrial wavelengths. An alternative formulation of MADA is presented in section 6, and section 7 gives the conclusions.
External reflection
Since the process of external reflection was not included in MADA for absorption, some justification for its omission appears warranted. The absence of this process may imply that the contribution to absorption from geometric optics may be overestimated somewhat, where V/P ADA plus internal reflection/refraction represents the geometric optics contribution. Note that external reflection reduces absorption. For extinction, external reflection is implicitly accounted for by ADA since all incident radiation at the particle surface is considered to be scattered and/or absorbed.
Comparisons between MADA and Mie theory inform us that MADA errors due to the absence of external reflection are small and occur at large values of the size parameter, x (x ϭ D/, ϭ wavelength). Let us define Q abs as the ratio of the SD absorption coefficient ␤ abs to SD projected area P t , or Q abs ϭ ␤ abs /P t . Then, as size parameter x increases beyond 30, the absence of external reflection is apparent as Q abs for Mie theory drops below 1.0 for strong absorption, while the MADA Q abs asymptotes to 1.0. This failure of the MADA Q abs to drop below 1.0 may cause errors up to 15% for x Ͼ 150, but such errors are generally on the order of 7% for refractive indices associated with water and ice. An example of relatively large external reflection error is shown in Fig. 7 of at large drop sizes and at large ice crystal sizes for some in Fig.  10 of Yang et al. (2001) . External reflection errors appear to be trivial for SD characteristic of cirrus clouds since x for cirrus SDs is less than about 60 (e.g., Ivanova et al. 2001) , where x ϭ D e /. Therefore, this process was not included when formulating the MADA.
Attributes of MADA
The main difference between MADA and other treatments of ice crystal optical properties is that MADA is not based on an exact electrodynamic solution, such as T-matrix (e.g., Mishchenko et al. 1996; Havemann and Baran 2001) or the finite difference time domain method (FDTD; Sun et al.1999) . Rather, it is based on the principle of an effective photon path d e , whereby the scattering/absorption processes are parameterized based on the particle's d e . Mie theory was used to develop and test the parameterizations for the processes of internal reflection/refraction and photon tunneling. These parameterizations were based on a physical understanding of these processes.
As noted, a key advantage of MADA is an explicit coupling between cloud microphysical and radiative properties. MADA has the following advantages: 1) As shown in the next section regarding ice crystals, MADA agrees well with exact calculations from electrodynamic theory. It also agrees well with laboratory measurements of Q ext regarding ice crystals (Mitchell et al. 2001) . Thus the errors associated with MADA appear small relative to other factors affecting cloud-radiation interactions, such as cloud microphysics.
2) It is formulated in terms of the cloud particle size distribution and particle shape properties, and can treat any ice particle shape or mixture of shapes. 3) Its analytical formulation makes it inexpensive, even for operational satellite retrievals. 4) It applies to all wavelengths for size distributions relevant to ice and water clouds. However, errors exceed 10% when 0.3 Ͻ x Ͻ 0.5 regarding absorption and 0.3 Ͻ x Ͻ 0.7 regarding extinction . 5) It is not subject to errors implicit in radiation schemes parameterized in terms of D e . That is, two SDs having the same D e can have different radiative properties. 6) One can assume any degree of photon tunneling based on the tunneling efficiencies given for various ice crystal shapes, given in the next section. 7) The main physical processes were parameterized and can be isolated to better understand their role in the absorption/scattering process. 8) Although formulated to treat size distributions, MADA formula also predict extinction and absorption for single ice particles (from which the SD formula were derived). This allows one to directly apply MADA to any measured or postulated SD, as was done in section 4. 9) MADA utilizes the highest wavelength resolution available.
Regarding advantage 2), any ice particle shape can be treated provided the power laws giving its mass and projected area-dimensional relation are known. This derives from the effective photon path: d e ϭ V/P ϭ m/ i P where m ϭ particle mass, P ϭ projected area and i ϭ 0.917 g cm Ϫ3 (density of solid ice). The properties of the SD and the ice particle shapes are present in the solutions for ␤ abs and ␤ ext , which were derived from the integral definitions of ␤ abs and ␤ ext . This makes MADA a useful tool for exploring the interrelationships between radiation and cloud microphysics, as the SD and particle properties are easily altered. For example, MADA has recently been used to evaluate the presence of high concentrations of small (D Ͻ 100 m) ice crystals in cirrus, and to test SD parameterizations (Mitchell et al. 2003 ).
Regarding advantage 6), the contribution of photon tunneling to absorption and extinction depends on particle morphology (Baran and Havemann 1999; Baran et al. 2003) . Ice particles in cirrus generally have complex, irregular shapes (e.g., Korolev et al. 1999 Korolev et al. , 2000 . Moreover, the radiative properties of simple shapes like hexagonal columns give inconsistent retrievals of optical depth and effective radius at solar and thermal wavelengths whereas complex aggregate shapes do not (Baran and Francis 2004) . Thus it is likely that the idealized crystal shapes such as hexagonal columns used in electrodynamic realizations of absorption/scattering are unrealistic, raising the possibility that the tunneling contributions to absorption predicted for simple shapes may not apply to natural cirrus (Baran et al. 2003) . The contribution of tunneling in MADA depends on a tunneling efficiency, T e , that varies between 0 (no tunneling) and 1.0 (maximum tunneling corresponding to spheres and Mie theory). The next section provides T e for six different ice particle shapes, with columns having relatively high T e . Recent work (Mitchell et al. 2003) indicates that T e may also be retrieved via ground-based or satellite measurements of thermal radiances.
Testing of MADA

a. Testing with laboratory measurements and T-matrix calculations
Modified ADA has already been tested with regards to SD extinction efficiencies (Q ext ) measured during a laboratory experiment, where Q ext ϭ ␤ ext /P t , as described in Mitchell et al. (2001) . In that study, the ice particle SD was measured in a cloud chamber by two instruments, the Forward Scattering Spectrometer Probe (FSSP) and the Cloudscope, which video records particles impacted at high collection efficiency. Good agreement was found between SDs measured by the two instruments, in spite of very different operating principles. Moreover, the SD and aspect ratios of the hexagonal columns comprising the ice cloud were used in MADA and also in T-matrix calculations to predict Q ext . This implementation of T-matrix incorporates the exact geometry of hexagonal columns, without approximating them as spheroids or circular cylinders for size parameter x Ͻ 40. For x Ͼ 40, the T-matrix method applied to equal-area circular cylinders was used to complete the SD integration (Mishchenko 1991) . The largest bin midpoint for the SD was 32.5 m, so for Ͼ 2.55 m only the new implementation of T-matrix was used. The accuracy of assuming equal-area cylinders in computing the total optical properties of hexagonal columns was tested by Lee et al. (2003) and found to be accurate within a few percent. The Q ext predicted by the MADA and Tmatrix were compared between 8.3-and 12-m wavelength, while Q ext from MADA was compared against measured values of Q ext from 2-14 m wavelength. The Q ext was measured via Fourier transform infrared spectroscopy (FTIR) inside the ice cloud. Since D e for the SD was only 14 m, the low size parameters (x ϭ D e /) resulted in a wide variation in Q ext values, posing a challenging test of theory. Using a T e of 0.6 for hexagonal columns (Mitchell et al. 2001) , the mean difference between the Q ext predicted from MADA and the measured Q ext was 3%, with similar agreement obtained for the T-matrix calculations.
Since MADA has already been tested for extinction in the above study, the new aspect in this study is absorption. The excellent agreement between T-matrix and the Q ext measurements noted above provides confidence that Q abs (Q abs ϭ ␤ abs /P t ) predicted by T-matrix can be used to test the accuracy of Q abs predicted by MADA. In addition, Q ext from MADA and T-matrix are now compared over a greater wavelength range than in Mitchell et al. (2001) . All calculations shown here are based on the SD measured by the Cloudscope in Mitchell et al. (2001) , and in the case of T-matrix, the observed aspect ratios of the hexagonal columns. The MADA calculations use the hexagonal column massdimensional power law reported in Mitchell et al. (2001) . That study estimated that the MADA T e for hexagonal columns was about 0.6, which is the value used here.
MADA is compared with the Havemann and Baran (2001) implementation of T-matrix for Q ext in Fig. 1 and for Q abs in Fig. 2 . The measured Q ext are shown by the solid curve in Fig. 1 , with measured Q ext excluded from regions where water vapor or CO 2 absorption was significant (gaps in Fig. 1 ). The lower curve in Fig. 1 indicates the contribution from photon tunneling. In Mitchell et al. (2001) , the Q ext measurements indicated that edge effects (i.e., tunneling resulting in surface waves) did not contribute to Q ext , and therefore edge effects were "turned off" for the MADA predictions here. Because of computational expense, T-matrix calculations were not made below 1.85 m. In Fig. 2 , Tmatrix is shown by the solid curve, MADA by the short-dashed curve, the photon tunneling contribution is shown by the long-dashed curve, and the contribution of internal reflection/refraction to absorption is indicated by the dotted curve (lowest in figure) .
The single scattering albedo for the SD, defined as o ϭ 1 Ϫ Q abs /Q ext , is compared for MADA and Tmatrix in Fig. 3 . This is an important parameter used in radiation transfer models to estimate absorption.
Percent errors for MADA relative to T-matrix, corresponding to Figs. 1, 2, and 3, are shown in Fig. 4 . Percent error was determined as Percent error ϭ 100 ϫ ͓͑MADA T-matrix͒ր T-matrix͔͒,
͑2͒
where MADA or T-matrix refer to corresponding values of either Q ext or Q abs . These comparisons can be summarized as follows. The mean difference between the Q ext predicted from MADA and the measured Q ext was 3.0%, while the mean difference between T-matrix and the measurements was 3.4%. Comparing the MADA Q ext with T-matrix, the mean error relative to T-matrix was 4.0%, while the maximum error was 8.0%. The mean MADA error for absorption relative to T-matrix was 5.9%, while the maximum error was 15%. Comparing the MADA o with T-matrix, the mean error was 2.5% while the maximum error was 14%. The low size parameters used in these comparisons allow for a wide variation in both Q ext and Q abs , providing a rigorous test of MADA.
b. Tunneling efficiencies for different ice particle shapes
A database of ice crystal scattering and absorption properties has recently been developed (Yang et al. 2005) for many ice crystal shapes, and it is used here to determine the contribution of photon tunneling to absorption and extinction. For the ice crystal shapes addressed here, this database is based on the FDTD method for size parameter x Ͻ 20. A composite method linking the FDTD solutions with the improved geometric optics method (IGOM; Yang and Liou 1996) is used for x between 20 and 60, with IGOM used for x Ͼ 60. The composite method combines results from the FDTD, IGOM, and the Lorenz-Mie methods. The absorption efficiency for the SD, Q abs , is generated from this database for various crystal shapes and is compared with Q abs from the same SD predicted by MADA. The database contains the ice crystal projected area and volume (at bulk density), or V/P, which is used in the single particle MADA calculations (which are integrated over the SD). The small particle mode of the three SDs addressed here, described in Fig. 5 , contain only particles having x Ͻ 20 when Ͼ 8 m, so that Q abs is essentially determined by the FDTD method for the SD corresponding to Ϫ55°and Ϫ80°C in Fig. 5 . Thus, this exercise also serves to compare MADA against FDTD calculations.
In Mitchell et al. (1996) , it was proposed that the phenomena of photon tunneling might contribute much less to absorption and extinction in ice crystals than it does in spherical cloud droplets. Various studies have since shown that less tunneling occurs in ice crystals than in ice or water spheres, either directly through laboratory measurements or theoretical analysis in the case of hexagonal columns and thick plates (e.g., Baran and Havemann 1999; Mitchell et al. 2001; , or indirectly through remote sensing (Baran et al. 1998 (Baran et al. , 2003 Baran and Francis 2004) . However, to date no quantitative information exists on the tunneling process per se for the ice particle shapes most common in cirrus clouds.
As noted, the degree of photon tunneling in MADA is quantified through the tunneling efficiency T e , which varies from 0 to 1.0 (1.0 corresponding to spheres). The tunneling equations in MADA were developed by comparing V/P ADA with Mie theory when the ADA Q abs Ϸ 1 for a particle, indicating all radiation incident on the cross section is absorbed . These comparisons provided an estimate of the fraction of radiation that was absorbed beyond the physical cross section, which was found to be proportional to the real index of refraction, n r . This parameterization has been improved slightly as described in the appendix. Tunneling is only important at terrestrial wavelengths, and is maximum when the wavelength and effective photon path (V/P) are comparable. While the dependence of tunneling on size parameter and wavelength (n r ) has been adequately represented , the overall efficiency of this process is given by T e .
As noted, ice crystals common in cirrus clouds have complex shapes. In midlatitude cirrus, bullet rosettes Size distributions used to compare FDTD and MADA and to estimate the value and range of T e for their small and large particle modes, for various ice particle shapes.
and irregular shapes (Lawson et al. 2006) , and also planar polycrystals (Heymsfield and Iaquinta 2000) , dominate the SD number concentration, projected area and mass for D Ͼ 50 m. Less is known about tropical anvil cirrus, but preliminary observations indicate planar polycrystals and aggregated crystals are common (McFarquhar and Heymsfield 1996) . Both midlatitude and tropical anvil cirrus exhibit bimodal size spectra (McFarquhar and Heymsfield 1997; Ivanova et al. 2001 ), and the small particle mode is characterized by mostly quasi-spherical type particles (McFarquhar and Heymsfield 1996; Lawson et al. 2006) . In comparing bullet rosette images in Lawson et al. (2006) with the model ice crystal aggregate in Yang et al. (2005) , it appears possible that the model aggregate may be more representative of many of the in situ bullet rosette images. The planar polycrystal images in Mitchell et al. (1996) also appear to be best represented by the aggregate model. In summary, the crystal types addressed in Yang et al. (2005) that appear most predominate in cirrus clouds are the model aggregate, the bullet rosette, and the droxtal. Component crystals in the aggregate model are mostly hexagonal columns with some plates. The droxtal is a quasi-spherical particle having hexagonal features (see Yang et al. 2003a) , and can be used to represent ice crystals in the small particle mode of the SD. These three crystal types are evaluated for T e below. Tunneling efficiencies were determined by comparing Q abs predicted by FDTD with MADA over the wavelength range 3-100 m for the same SD, and finding the T e that optimized agreement. Recall that T e is a measure of the degree to which nonincident radiation is absorbed or scattered. The results of this analysis are described in Table 1 . Two SDs from Fig. 5 were used corresponding to Ϫ55°and Ϫ20°C. However, the SD modes corresponding to the small and larger particles were evaluated for T e separately (i.e., as monomodal spectra). Ice crystal sizes in the small mode did not vary enough to affect T e . But the mean crystal length, D, for the large particle mode did vary enough to affect the aspect ratios of the crystals or the component crystals, since the aspect ratios are a function of crystal length (Yang et al. 2005) . Hence, aspect ratios are different between the two SD large modes. Since tunneling depends on particle shape (e.g., aspect ratio), tunneling contributions between the two SD large modes will also differ, as shown in Table 1 . Note that Q abs for the large mode was determined by both FDTD and the composite method at many regarding the Yang et al. (2005) approach, depending on x. Thus, T e estimates for the large mode are not as rigorous as for the small mode, but should still be reasonable. The Q abs for the entire SD is calculated with MADA by using a T e appropriate for each crystal shape, SD mode, and large mode D. If we take the Yang et al. Q abs as ground truth, MADA errors over the range 3-100 m for all crystal shapes in Table 1 did not exceed 15% regarding the two bimodal SDs used in this analysis.
Examples of this analysis are shown in Figs. 6-9 for the three most common ice particle types in cirrus: aggregates or complex crystals, bullet rosettes and droxtals (surrogate for quasi-spherical particles in the small mode). Figure 6 compares MADA with FDTD for the model aggregate, where the bimodal size distribution used corresponds to Ϫ55°C in Fig. 5 and has a D e of 17-28 m, depending on crystal habit. Optimized agreement with FDTD is shown by the short-dashed curve in Fig. 6 . The long-dashed curve is predicted by MADA for aggregates and the same SD, but having a T e based on solid hexagonal columns. The difference in the two MADA curves, for T e based on aggregates and T e based on columns, reveals the expected differences in absorption between radiation schemes based on hexagonal columns and schemes based on the aggregate model. Taking the aggregate model as correct, percent errors due to implicit tunneling assumptions associated with hexagonal columns range from 8% to 20% for 3 m Ͻ Ͻ 42 m, and range from 16% to 20% for 42 m Ͻ Ͻ 100 m. MADA errors relative to FDTD for T e based on aggregates are shown in Fig. 7 , and are no worse than 10%. MADA Q ext errors relative to FDTD (not shown) were no worse than 16% over the range 3-100 m.
Using this same SD, MADA and FDTD are com-TABLE 1. Photon tunneling efficiencies for different ice crystal shapes, evaluated for the small and large particle mode of the SD. For the large mode, two mean sizes (i.e., maximum dimensions) were used to illustrate the dependence on aspect ratio, and correspond to the large mode of the two SDs in Fig. 6 at Ϫ55°C and Ϫ20°C. Tunneling factors can range from 0 to 1.0, with zero indicating no tunneling and 1.0 corresponding to spheres and the maximum tunneling contribution. pared for bullet rosettes in Fig. 8 . MADA errors were less than 14%. A similar exercise was performed for droxtals in Fig. 9 but using the SD corresponding to Ϫ80°C in Fig. 5 . This narrow SD is representative of tropopause cirrus (Ivanova 2004) , where quasispherical ice particles dominate and D e is about 12-14 m, depending on crystal shape. This SD represents the most extreme test of MADA (i.e., yields lowest x) since MADA exhibits the greatest errors between the first resonance peak and the Rayleigh regime, that is, for 0.3 Ͻ x Ͻ 0.5 . Errors were less than 15% for Ͻ 84 m but reached 28% for Ͼ 84 m. For broader SDs, such as the other two SDs in Fig. 6 , MADA droxtal errors were Ͻ9% for all . The behavior of photon tunneling for a variety of ice crystal shapes in relation to their aspect ratios is shown for the first time in Table 1 . Some observations are as follows:
1) The most complex, irregular shape (i.e., the aggregate) and hexagonal plates (associated with the large particle mode) disrupt the tunneling process the most. 2) The more the aspect ratio (length-to-width ratio) departs from unity, the less tunneling there is. FIG. 7 . MADA Q abs errors relative to FDTD for aggregates, based on T e for aggregates and the SD in Fig. 5 for T ϭ Ϫ55°C (solid curve). Fig. 6 except for bullet rosettes. MADA uses T e from Table 1 for bullet rosettes, based on the SD in Fig. 5 for T ϭ Ϫ55°C (solid curve). While the SD integration was essentially based on FDTD for տ 8 m regarding the solid curve, the Q abs predicted at shorter also depend slightly on the composite method in addition to FDTD. 
FIG. 8. Similar to
FIG. 6.
Comparison of Q abs predicted by the FDTD method and by MADA for T e values corresponding to aggregates (which yields optimal agreement) and for T e corresponding to hexagonal columns. The ice crystal aggregate model is used here, and the SD used corresponds to the solid curve in Fig. 5 . While the SD integration was essentially based on FDTD for տ 8 m regarding the solid curve, the Q abs predicted at shorter also depend slightly on the composite method in addition to FDTD.
3) Hollow hexagonal columns exhibit less tunneling than solid hexagonal columns. 4) Quasi-spherical particles exhibit the most tunneling.
The details of the tunneling process appear to be poorly understood. Once tunneled radiation enters a sphere, it undergoes orbiting through a series of internal reflections (Nussenzveig 1977; Guimaraes and Nussenzveig 1992) . This orbiting or resonance phenomena within the sphere greatly extends the photon path and may thus enhance absorption. The above observations are consistent with the notion that tunneling depends on the degree of orbiting within the particle. Clearly a photon will generally experience less orbiting and internal reflections within a thin plate than a columnar crystal, and orbiting should be most supported within quasi-spherical particles. It is postulated here that the orbiting process sets up an electromagnetic field that is somehow responsible for the capture of photons beyond the physical cross section of the particle. Orbiting can be conceptualized as beginning with incident radiation near the particle edges. Clearly much research is needed to test this conjecture.
The T e for hexagonal columns in this analysis appear consistent with the T e found in section 4a for hexagonal columns by T-matrix comparisons. In Mitchell et al. (2001) , T e for hexagonal columns was found to range between 0.6 and 0.8, depending on the method used and what part of the terrestrial radiation spectrum was used. These T e values were consistent with the T e parameterization for hexagonal columns by Baran and Havemann (1999) .
The current (unpublished) formulation of MADA allows the user to enter any ice crystal shape recipe consisting of hexagonal columns and plates, bullet rosettes, planar polycrystals, and quasi-spherical particles for 1) the small crystal mode and 2) the large particle mode of the SD. It is recommended that the T e corresponding to aggregates be used for planar polycrystals and possibly for bullet rosettes. Quasi-spherical particles appear to dominate the small SD mode (Lawson et al. 2006 ). The T e values in Table 1 are used to estimate T e for any small or large particle mode shape recipe. Regarding the large mode, T e is a function of shape and D, varying linearly with D and constrained to be positive.
Comparison with other schemes a. Wavelength-dependent comparisons
While not a test of accuracy, it is of interest to compare MADA with the ice cloud radiation scheme of Fu (1996) and Fu et al. (1998) , and the scheme of Yang et al. (2001 Yang et al. ( , 2003b , for terrestrial radiation. The tropical bimodal SD parameterization of Mitchell et al. (2000) was used to compare these schemes, with D e held constant at 33 m [see Fig. 17 in Mitchell (2002) to view SD form]. This provided for a wide variation in Q abs and Q ext for a meaningful comparison. The large mode mean maximum dimension, D l , was 66 m when hexagonal columns were assumed and 90 m when planar polycrystals were assumed. The T e was held constant at 0.60, corresponding to hexagonal columns (Mitchell et al. 2001) , allowing for a direct comparison between schemes (note the Fu and Yang schemes implicitly assume tunneling corresponding to hexagonal columns). The three schemes are compared in Figs. 10 for absorption and in Figs. 11 and 12 for extinction.
The Fu et al. (1998) and Yang et al. (2003b) schemes terminate when wavelength ϭ 100 m, and the Yang et al. (2001) scheme begins at ϭ 7.75 m. Since the resolution in the near infrared is crude regarding Fu (1996) , comparisons in this region are not meaningful for Q abs . But for between 3 and 45 m, the agreement with Fu appears good with percent differences generally within 10% for these . The exception is the trough around ϭ 3.8 m (see Fig. 10 ), which was also addressed in Mitchell (2002) . It is not clear why this minimum is higher than the minimum at ϭ 5 m regarding Fu et al., since the ice imaginary refractive index is lower at ϭ 3.8 m than at 5 m. Note that good agreement near 3.8 m was obtained between MADA and the FDTD/IGOM results in the last section, as well as the T-matrix results. For extinction, percent differences are within 10% for all but the longest (beyond 70 m). Overall, the Fu scheme that utilizes the FDTD method and the MADA scheme compare favorably.
The Yang et al. (2001) scheme differs somewhat from the Fu and MADA schemes in the window region (8.0-13.0 m), and these differences were consistently observed in numerous comparisons using different D e (not shown). For Ͼ13 m (corresponding to Yang et al. 2003b) , the Yang and Fu schemes agree rather well, including the longest . At such (e.g., 45-100 m in Figs. 10-12 ), the bimodality of the SD has a strong influence on radiative properties as discussed in Mitchell (2002) . Since the Fu and Yang schemes use the same SDs to parameterize the single scattering properties, this agreement makes sense.
The disagreement between MADA and the Fu and Yang schemes at longer is likely due to differences in the SDs used here with MADA and those used to parameterize the Fu and Yang schemes. To illustrate this point, the ice particle shape was changed to planar polycrystals in Fig. 12 while keeping D e fixed at 33 m. This changing of crystal shape alters the SD, changing D l to 90 m. This change in the SD alters the radiative properties, especially Q ext , as evident in Fig. 12 . Interestingly, agreement between MADA and the other schemes was always optimal when hexagonal columns were assumed. Thus, changing the particle shape while holding D e constant changes the radiative properties somewhat, and this is not accounted for in the ice cloud radiation schemes now in common use. Figure 13 compares the MADA, Fu et al. (1998) , Yang et al. (2001) , and the Ebert and Curry (1992) schemes regarding the flux-weighted mass absorption coefficient of the SD, ␤ abs,m , for the window region (8.0 Ͻ Ͻ 12.5 m). Although parameterized in terms FIG. 12 . As in Fig. 6 except the ice particle shape was changed to planar polycrystals. The effective diameter was conserved, and the change in particle shape altered the SD and the radiative properties somewhat. 
b. Effective diameter-dependent comparisons
of D e , which removes much of the dependence on particle shape, it is still noteworthy that the Fu et al. and Yang et al. single scattering calculations are based on hexagonal columns. That is, since photon tunneling is shape-dependent, there should still be some shapedependence for absorption through photon tunneling.
For this reason, a T e of 0.6 is thus used in MADA to compare it with these schemes, since it was noted in section 4a that this T e corresponds to hexagonal columns. Since the Ebert and Curry scheme used Mie theory and ice spheres to determine absorption at terrestrial wavelengths, T e ϭ 1.0 for that scheme. The range of D e in Fig. 13 is based on SD predicted for midlatitude cirrus (Ivanova et al. 2001) when cloud temperature T is less than Ϫ20°C. When T Ͼ Ϫ20°C, the mean maximum dimension of the large mode of the SD is given by
where D 1 is in microns and T is in Celsius [based on data in Ryan (1996) ]. This is similar to Eq. (3) in Kristjánsson et al. (2000) . For T Ͼ Ϫ20°C, it is assumed that the small particle mode (D Ͻ 100 m) diminishes with increasing T, such that the entire SD becomes approximately exponential when T is greater than Ϫ5°C. The range of T from which D e was calculated was 0°to Ϫ70°C. The ice particle shape assumed in Fig. 13 was bullet rosettes, although ice particle shape "recipes" (i.e., a variety of particle shapes) representative of midlatitude cirrus clouds yield similar results. For tropical cirrus clouds D e may reach about 160 m, which is about the upper D e limit assumed in the Fu et al. (1998) and Yang et al. (2001) Fig. 13 .
It is not clear why the Ebert and Curry scheme predicts much more absorption than the other schemes. Observed ice crystal size distributions were converted to equivalent spheres to estimate thermal radiative properties using Mie theory. If these were areaequivalent spheres, which overestimate the photon path and absorption efficiency considerably (Mitchell and Arnott 1994) , then this could explain the discrepancy. For D e Ͻ 150 m, the mean error for Ebert and Curry relative to MADA is 49%, while the minimum and maximum error over the entire range of D e is 40% and 145%, respectively. A small part of this error (14% of it for D e Ͻ 150 m) can be attributed to a larger implicit T e (T e ϭ 1.0). Figure 14 gives percent differences in the fluxweighted mass absorption coefficient (␤ abs,m ) by comparing MADA with the Fu et al. (1998) and Yang et al. (2001) schemes. The top panel corresponds to Fig. 13 , showing the D e range for midlatitude ice clouds (Ϫ70 Ͻ T Ͻ 0°C), while the lower panel corresponds to the tropical cirrus SD scheme of Mitchell et al. (2000) having a D e range of about 5 to 160 m (Ϫ90 Ͻ T Ͻ 0°C). The crystal shape recipe assumed for the small mode of the tropical cirrus SD was 60% hexagonal columns, 40% planar polycrystals, while the recipe for the large mode was 30% hexagonal columns, 70% planar polycrystals. The small mode recipe yielded masses consistent with small crystal masses measured in anvil cirrus (Heymsfield et al. 2004) while the large mode recipe is consistent with larger crystal shape observations in anvil cirrus (e.g., McFarquhar and Heymsfield 1996) and remotely inferred anvil cirrus habits (Baran et al. 1998) .
The purpose of Fig. 14 is to evaluate three state-ofthe-art ice cloud radiation schemes using two SD schemes, noting similarities and differences. Note that different scales are used on the axes. It was shown in FIG. 14. Mass absorption coefficient percent differences from comparing MADA with the schemes of Fu et al. (1998) and Yang et al. (2001) . (top) Temperature-dependent SD scheme is used for midlatitude ice clouds to determine D e (Ϫ70°Ͻ T Ͻ 0°C); (bottom) a tropical cirrus SD scheme (Ϫ90°Ͻ T Ͻ 0°C). Mitchell (2002) that the bimodal behavior of the SD can impact the radiative properties (e.g., Q abs and Q ext ), with two SDs having the same D e producing significantly different radiative properties. That is why two SD schemes having different bimodal behavior are used here.
For midlatitude ice clouds for D e Ͻ 260 m, the Yang et al. and MADA schemes agree within 2% excepting a short interval centered at D e ϭ 65 m where the difference approaches 3%. The Fu scheme exhibits slightly greater differences over the D e range it was designed for (15-160 m) although differences are still small, generally within 4%. The tropical cirrus comparison also reveals very little difference between the three schemes, excepting the smallest D e values for which neither the Fu nor the Yang scheme was designed to treat. The Fu scheme differs from MADA by generally 3% or less, while Yang scheme differences are generally within 5%. Two observations can be made: 1) for a given D e , the difference between MADA and either the Fu or the Yang scheme might be positive for one SD assumption and negative for the other. This is because radiative properties vary slightly for a given D e because of the SD bimodality behavior (noted above). 2) Differences between the Yang and Fu schemes for a given SD scheme are often greater than corresponding differences with MADA. From these observations one cannot say that MADA is less accurate than the other schemes for predicting absorption by cirrus clouds.
The fact that three schemes (MADA, Fu, and Yang) in Figs. 13 and 14 predict nearly the same ␤ abs,m for D e Ͻ 160 m suggests that the spectral differences in the window region regarding the Yang scheme (in relation to the MADA and Fu schemes; see Fig. 10 ) tend to cancel regarding their contributions to ␤ abs,m . The close agreement among these schemes also suggests that radiative processes were parameterized fairly accurately in MADA, and that the bimodal behavior of the SDs assumed in the Fu and Yang schemes was not too dissimilar to that of the SD schemes employed here (Mitchell 2002) . However, note that this agreement is partially due to the use of T e corresponding to hexagonal columns, which may not be representative of ice crystals in cirrus clouds.
An alternate formulation of MADA
While an intuitive understanding was imparted to the parameterization of the scattering/absorption processes in MADA, an exception to this was the parameterization of the location (in size parameter space) of the fundamental (first) resonance peak. The parameter k in MADA is analogous to the size parameter x, with k ϭ D/. The first resonance peak is located in terms of k, and it occurs when k ϭ k max . The following equation in MADA gives k max :
A much simpler relationship can be found by conceptualizing the problem in a different way. According to van de Hulst (1981, pp. 155, 281) , the first and strongest resonance peak is expected to occur when
where n ϭ 1, D is the diameter of a sphere and m is the wavelength inside the medium (e.g., water or ice). Secondly, m is determined as
where is now outside the medium and n r is the real part of the complex refractive index. Combining (6) and (7) gives k max ϭ ͑Dր͒ peak resonance ϭ nրn r . ͑8͒
The term o is then given by (5). If we use the particle photon path d e instead of diameter D, the right side of (8) becomes n/1.5 n r . This approach works well for MADA, except comparisons with Mie theory for spheres and T-matrix for hexagonal columns clearly indicate that n ϭ 1 is not the optimal choice. Rather, n ϭ 2 minimizes the MADA errors. This approach is only slightly less accurate than the standard approach given by (4) and (5). For example, the mean error for Q abs in Fig. 2 was 5.9% relative to T-matrix, while this mean error based on Eq. (8) was 6.6%.
The physical understanding imparted by this exercise is that the fundamental resonance peak occurs when D is about twice the wavelength m for water or ice spheres, or, to generalize for all particle shapes, d e ϭ 1.333 m .
Conclusions
The modified anomalous diffraction approximation (MADA) is a synthesis of the anomalous diffraction theory of van de Hulst (1981) and the approximation proposed by Bryant and Latimer (1969) , the latter approximating the effective distance light travels through a particle as particle volume divided by projected area. The scattering/absorption processes of internal reflec-tion/refraction and photon tunneling were added to form MADA. The MADA is well suited for simply calculating the extinction and absorption properties of ice and water clouds in the geometric optics, Mie and Rayleigh regimes, and is explicitly formulated in terms of cloud microphysical properties. Until now it had not been tested against electrodynamic theory nor compared extensively with other schemes that predict ice cloud radiative properties.
The MADA was compared here against extinction efficiency measurements from a laboratory-grown ice cloud as well as T-matrix estimates of the absorption efficiency from that same ice cloud over the wavelength range 2-18 m. Mean errors relative to the extinction measurements were 3.0%, and were 5.9% relative to the T-matrix absorption calculations. The mean error for the single scattering albedo relative to T-matrix was 2.5%.
Additional testing of MADA with the finite difference time domain (FDTD) method revealed the contribution of the photon tunneling process to absorption for various ice particle shapes. Absorption efficiencies (Q abs ) from several size distributions were predicted by MADA and FDTD over a wavelength range of 3-100 m for six different ice particle shapes. Tunneling factors, T e , were inferred from this comparison, which quantifies the contribution of photon tunneling to absorption and extinction. It was found that T e was lowest for complex irregular shapes and for thin planar crystals. Ice cloud optical treatments based on hexagonal columns may predict Q abs 8%-20% higher for Ͻ 42 m and 16%-20% higher for Ͼ 42 m than the same scheme would have predicted if it were based on the ice crystal aggregate model.
The MADA scheme was also compared with the ice cloud radiation schemes of Fu (1996) /Fu et al. (1998) and Yang et al. (2001 Yang et al. ( , 2003b . Given the dependence of ice cloud radiative properties on size distribution bimodality for a given effective diameter, it is difficult to say what scheme is more accurate over the range of applicability. However, differences between these schemes for absorption in the window region (8-12.5 m) were generally within 5% based on size distribution schemes for tropical and midlatitude cirrus clouds. This suggests that the radiative properties of hexagonal columns are well understood for most applications.
Another property needed in radiation transfer calculations is the asymmetry parameter, g. For solar radiation, g is parameterized for MADA in Mitchell et al. (1996) . For terrestrial radiation, one can use the g parameterization of Fu et al. (1998) or Yang et al. (2001 Yang et al. ( , 2003b , since g is not sensitive to particle shape for moderate-to-strong absorption.
